infection. Its mechanisms are still disputed but include mitochondrial toxicity and, in particular, mitochondrial DNA (mtDNA) depletion induced by nucleoside reverse transcriptase inhibitors. To obtain an integrated evaluation of the mitochondrial alteration in lipoatrophy, we investigated the DNA, RNA, and protein levels in 15 samples of abdominal subcutaneous adipose tissue from HIV-infected patients with peripheral lipoatrophy and compared the results with those for 15 samples from age-and body mass index-matched controls. The DNA and RNA analyses used PCR-based techniques, while proteins were quantified with enzyme-linked immunosorbent assay and measurement of activities with spectrophotometric assays. Depletion of mtDNA and mtDNAencoded MT-CO2 mRNA was present, but normal levels of mtDNA-dependent activity (cytochrome c oxidase) and protein (MT-CO2p) showed that it was compensated for. An increase in nuclear-DNA-dependent mitochondrial activities (citrate synthase and malate dehydrogenase) and protein (COX4I1p), as well as transcriptional up-regulation of nuclear-DNA-encoded mitochondrial genes (COX4I1 and UCP2), demonstrated increased mitochondrial biogenesis. However, the expression of the known transcription factors of mitochondrial biogenesis (TFAM, NRF1, GABPA, PPARGC1A, PPARGC1B, and PPRC1) was normal or decreased. Increased amounts of activated caspase 3 and of DDIT3 mRNA showed the induction of apoptosis and oxidative stress, respectively. The mtDNA content did not correlate with any other mitochondrial parameter. In conclusion, mtDNA content does not appear to be an accurate biomarker of mitochondrial alteration in lipoatrophic adipose tissue. The preservation of mtDNA-dependent mitochondrial functions occurred despite severe mtDNA depletion. The presence of significant oxidative stress and apoptosis did not correlate with the mtDNA content.
The lipodystrophy syndrome represents a major complication of antiretroviral therapy (ART) (5) . Even if its occurrence seems markedly decreased with recently marketed antiretroviral drugs, its reversibility in lipodystrophic patients seems slow and possibly incomplete. The precise pathogenesis of lipodystrophy remains unclear to date (14, 30, 47) . Its proposed deleterious mechanisms have included mitochondrial dysfunction, induction of apoptosis, altered cytokine secretion, and adipose tissue differentiation (4, 14, 18, 29, 36) . Mitochondrial dysfunction could have a central role in the different mechanisms underlying lipoatrophy. It is a well-recognized inducer of apoptosis and oxidative stress (21) . It also may directly impact adipogenesis, which has been shown to be accompanied by striking mitochondrial proliferation in murine adipocyte cell lines (50) . Peripheral lipoatrophy is one component of the lipodystrophy syndrome that has been particularly associated with exposure to nucleoside reverse transcriptase inhibitors (NRTI), especially stavudine and zidovudine, which have been shown to be particularly toxic for mitochondrial function (19, 35, 45) .
The inhibition by NRTI of mitochondrial DNA (mtDNA) polymerase ␥ (POLG), the sole DNA polymerase for mtDNA, has been proposed to have a central role in ART-related mitochondrial toxicity. It has been documented in vivo and in vitro (24) . Inherited alterations of POLG provoke decrease of the mtDNA content (depletion) and the accumulation of mtDNA qualitative alterations, such as multiple deletions or point mutations (16, 41) , which in turn induce the depletion of mtDNA-encoded proteins and respiratory defects. Such a sequence of events has been proposed for human immunodeficiency virus (HIV)-related lipoatrophy (24) . mtDNA depletion has indeed been reproducibly shown in subcutaneous adipose tissue of ART-treated HIV-infected patients (7, 33, 34, 40, 49) . Focal defects of an mtDNA-encoded subunit (MT-CO1p) (33) and of cytochrome c oxidase (COX) activity were shown in lipodystrophic adipose tissue by using histological approaches (15) . The mtDNA content of adipose tissue could therefore be considered an accurate biomarker of mitochondrial alteration in adipose tissue.
The direct responsibility of mtDNA depletion has, however, been challenged by its correlation with NRTI exposure, but not with lipoatrophy (7, 34, 45, 49) . Furthermore, the mtDNA content under NRTI has been shown to possibly diverge from its transcription (12, 28, 32) or from respiratory chain activities (17, 42, 46) . Another confounding parameter is the mitochon-drial proliferation that was observed in association with mtDNA depletion in HIV-infected patients' lipodystrophic adipose tissue (25, 33, 34, 37, 49) . Intriguingly, the mitochondrial proliferation in HIV-related lipodystrophic adipose tissue did not appear to be regulated by the transcription factors involved in mitochondrial biogenesis (13) , as several of them, including PPAR␥ coactivator 1 (PPARGC1A), nuclear respiratory factor 1 (NRF1), and mitochondrial transcription factor A (TFAM), were found to be expressed at normal or even decreased levels (20, 37) .
In the present study, we performed an integrated evaluation of the mitochondrial alteration of lipoatrophic patients' adipose tissue at its diverse molecular levels (DNA, RNA, and protein). We demonstrated efficient preservation of mtDNAdependent mitochondrial functions despite severe mtDNA depletion. This did not, however, prevent the induction of oxidative stress and apoptosis, two common consequences of mitochondrial alteration. The mtDNA content did not correlate with any other mitochondrial characteristics.
MATERIALS AND METHODS
Patients. Pathological samples were obtained from 15 patients (13 were men) with marked facial lipoatrophy. Abdominal subcutaneous adipose tissue was removed by lipoaspiration. After centrifugation, a portion was injected into the cheeks (Coleman protocol) and the rest was kept for research purposes. All the patients gave their written informed approval to this protocol. The study was approved by the ANRS (National Agency for AIDS Research). The patients' immunological and viral statuses and their clinical histories were recorded at the time of the surgery and are summarized in Table 1 . All the patients received at least two NRTI, and 10 of them were also treated with at least one protease inhibitor (PI). The NRTI most often used was stavudine (12 patients). It was given in association with lamivudine in 11 patients.
DNA and RNA analyses were performed on all samples. Protein analyses could be obtained for a subset of eight samples due to the very limited amount of tissue.
Control subcutaneous fat samples were provided by the Association Française centre les Myopathies tissue repository bank. They were obtained from 15 men undergoing abdominal surgery in the absence of infection. They were matched to the patients' group with respect to age (median, 56.2, and range, 21 to 76 years) and body mass index (BMI) (median, 24.4, and range, 19.5 to 28.0 kg/m 2 ). Molecular analyses. (i) DNA analyses. Total DNA from adipose tissue was prepared by using a standard protocol based on sodium dodecyl sulfate, proteinase K, and isopropanol precipitation. Multiple deletions of the mtDNA were searched for with an Expand Long Template PCR system long-range PCR kit (Boehringer) as described previously (48) . The presence of mtDNA heteroplasmic point mutations was screened for by using denaturing gradient gel electrophoresis of tRNA Leu(UUR) and tRNA Lys , as previously reported (43) . Quantification of the mtDNA was performed by real-time PCR amplification on a Light Cycler (Roche Diagnostics) using Light Cycler FastStart DNA master Sybr green I mix (Roche Diagnostics), as reported previously (22) . Briefly, the mtDNA copy number was evaluated by amplifying a fragment of the mtDNA 12S rRNA gene (MT-RNR1), while the amount of nuclear DNA in the same sample was evaluated by amplifying a fragment of the nuclear 28S rRNA gene (RNR1). The official gene symbols, primers, and conditions of the amplifications are shown in Table 2 . The results are expressed as copy number per cell, considering that 10 pg of total DNA roughly represents the DNA content of one cell.
(ii) RNA analyses. Total RNA from adipose tissue biopsies was obtained by using an RNeasy lipid tissue mini kit from Qiagen (Courtaboeuf, France) (4). It was reverse transcribed with random hexamers and a SuperScript first-strand synthesis system for RT-PCR (Invitrogen) according to the manufacturer's instructions. The expression levels of the ACTB, MT-CO2, COX4I1, TFAM, NRF1, GABPA, PPARGC1A, PPARGC1B, PPRC1, DDIT3, CYBB, and NOX4 genes were evaluated by real-time PCR amplification of the cDNAs by using qPCR a For each amplification, serial dilutions of linearized plasmid vector pGEM-T Easy (Promega) containing the target gene as its insert were used as standards. All standard plasmids were purified with Nucleobond AX (Macherey-Nagel), linearized, and quantified by fluorometry using Sybr green I and phage DNA cut with HindIII as the standard (Invitrogen). Magnesium concentration is expressed as mmol/liter, and annealing temperature as°C.
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Mastermix plus for Sybr green I (Eurogentec). All results are expressed as copy number and normalized to the level of ␤-actin gene expression. The official gene symbols, primers, standards, and conditions of the amplifications are summarized in Table 2 .
(iii) Protein analyses. Protein analyses were performed on the infranatant layer (below the fat layer and above the pellet) of adipose tissue homogenized in 9 volumes of 50 mM Tris-HCl, pH 7.5, 150 mM KCl, 5 mM EDTA, 2 mM phenymethylsulfonyl fluoride and centrifuged at 750 ϫ g and 4°C for 10 min. Aliquot samples were stored at Ϫ80°C before use. The semiquantitative evaluation of two mitochondrial proteins (MT-CO2p, encoded by mtDNA, and COX4p, encoded by nuclear DNA); of the cleaved (activated) form of caspase 3, a major apoptosis player; and of ␣-tubulin, a cytoskeleton protein used as the internal control of the amount of tissue, was performed by enzyme-linked immunosorbent assay (ELISA), as reported previously (26) . Antibodies were either monoclonal antibodies (anti-active caspase 3 from BD Pharmingen, Tokyo, Japan; antitubulin 1A2 from TK/GE; and anti-COX4p graciously provided by Salvatore DiMauro, Columbia University, New York, NY) (44) or polyclonal antibodies against MT-CO2p, the specificities of which had been previously demonstrated (26) . All antibodies were used at a 1/1,000 dilution. The results were expressed as the percentages of the results for one of the control samples arbitrarily chosen. Standard spectrophotometric methods were used to assess the citrate synthase (CS), COX, malate dehydrogenase (MDH), and phosphoglycerate kinase (PGK) activities (48) .
Statistical analyses. Only nonparametric tests were used. Comparison between groups was performed with the Mann and Whitney test, and correlation between quantitative parameters with the Spearman test using the Sigma Stat 3.1 application. The threshold for significance was set at a P value of 0.05.
RESULTS
Significant mtDNA depletion was present but compensated for at the posttranscriptional level. The mtDNA content of the adipose tissue was measured by real-time PCR of pathological and control adipose tissue samples. Despite large variations in the results for the pathological, as well as the control, samples (Fig. 1) , the median mtDNA content was significantly decreased (P Ͻ 0.01) in the patients' adipose tissue (median, 270, and range, 95 to 1,269 mtDNA copies/cell) compared to the mtDNA content of the controls (median, 986, and range, 470 to 1,852 mtDNA copies/cell). Three patients' samples, however, had an mtDNA content that was above the lower limit of the control values. These patients did not differ from the others in terms of clinical presentation, disease and treatment duration, or composition of ART.
Inherited alterations of the DNA polymerase ␥ gene in humans have been found to be responsible for multiple deletions and point mutations of mtDNA (41) . We searched for these two types of genetic alterations in the DNA samples from control and patients' samples. The presence of large-sized rearrangements in mtDNA was excluded by long-range PCR amplification of the mtDNA, showing the expected 13-kb and 15-kb fragments without additional fragments of smaller size (data not shown). In parallel, significant sequence variationheteroplasmic and/or potentially deleterious mutation-was excluded by denaturing gradient gel electrophoresis of tRNA Leu(UUR) and tRNA Lys genes that have been reported as mtDNA mutation hotspots (43; data not shown).
To evaluate the functional impact of mtDNA depletion, we assayed the mtDNA-dependent COX activity, whose three catalytic subunits (MT-CO1p, MT-CO2p, and MT-CO3p) are encoded on the mtDNA. Efficient compensation of the mtDNA depletion was shown by the normal COX activity in the eight patients' samples that were available for that analysis (median, 12.2 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein versus 11.8 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein in control samples; P ϭ 0.46) (Fig. 1) . Only one of the eight samples had a normal mtDNA content; its COX activity was 10 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein. To assess if the compensation was associated with preservation of the amount of protein, we quantified MT-CO2p, one of the three mtDNA-encoded subunits of COX, using ELISA. The amounts of MT-CO2p appeared similar in the patients' and control samples (108% versus 100%, respectively; P ϭ 0.87) (Fig. 1) . It was 80% in the sole patient's sample with normal mtDNA content. The amounts of ␣-tubulin, a cytoskeleton component used as the internal control, were similar in patients' and control samples, thus showing equivalent loading (104% of the control value in patients' samples versus 100% in control samples; P ϭ 0.99) (Fig. 1) .
The preservation of mtDNA-dependent mitochondrial proteins and activities despite severe inherited mtDNA depletion has been previously related to increased transcription of the mtDNA (3). However, in lipodystrophic adipose tissue, the steady-state levels of the mtDNA-encoded CO2 subunit mRNA (MT-CO2) was significantly decreased in the patients' samples (median, 10.7 copies, normalized to the ␤-actin mRNA level, versus 19.9 in controls; P Ͻ 0.001), thus showing the absence of compensatory up-regulation of mtDNA transcription and implying that the preservation of CO2p was related to posttranscriptional mechanisms (Fig. 1) . The amount of MT-COX2 mRNA did not correlate with the amount of mtDNA in the controls as well as it did in the patients' samples. In particular, two of the three patients' samples with normal mtDNA content had a small amount of MT-CO2 mRNA (7.9 and 13.0 copies, normalized to the ␤-actin level).
Increased mitochondrial population accompanied mtDNA depletion. Although mitochondrial proliferation has been repeatedly reported in patients' lipodystrophic adipose tissue (25, 33, 34, 37, 49) , it has been quantified only once (37). To on June 27, 2017 by guest http://aac.asm.org/ evaluate the mitochondrial mass, we assayed two mitochondrial enzymatic activities that depend only on nuclear-DNAencoded proteins. CS, a Krebs cycle enzyme, has a purely mitochondrial location, while MDH has both mitochondrial and cytosolic locations. PGK, a glycolysis enzyme with a purely cytosolic location, was used as the internal control (Fig. 2) . A threefold increase in the mitochondrial mass was shown by the CS activity (median CS activity in patients' samples, 71 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, versus 23 in controls; P Ͻ 0.001), while the amount of MDH was increased 1.7 times (median MDH activity in patients' samples, 1,331 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, versus 784 in controls; P Ͻ 0.001). In contrast, the amounts of PGK were similar in patients and controls (median PGK activity in patients' samples, 176 nmol ⅐ min Ϫ1 ⅐ mg Ϫ1 protein, versus 151 in controls; P ϭ 0.17) (Fig. 2) . The increase in mitochondrial proteins was also shown with the quantification by ELISA of COX4p, a nuclear-DNA-encoded subunit of COX, whose median amount was 132% in patients' samples, versus 100% in controls (P ϭ 0.01) (Fig. 2) . A significant increase in the transcription steady-state level of nuclear genes encoding structural mitochondrial proteins accompanied the increase in the mitochondrial population. The median number of copies, normalized to the ␤-actin level of COX4I1 mRNA, was 13.9 ϫ 10 Ϫ2 in patients' samples, versus 9.1 ϫ 10 Ϫ2 in controls (P Ͻ 0.01), while that of UCP2 mRNA was 21.5 ϫ 10 Ϫ2 in patients' samples, versus 15.1 ϫ 10 Ϫ2 in controls (P ϭ 0.04) (Fig. 2) .
Increased mitochondrial population was not explained by transcriptional regulation of mitochondrial biogenesis. The increased levels of the mRNA of nuclear-DNA-dependent mitochondrial proteins suggested coordinated transcriptional upregulation of mitochondrial biogenesis. In the control samples, transcriptional regulation of mitochondrial biogenesis was shown by the tight correlation between the levels of COX4I1 mRNA and NRF1 (P Ͻ 0.01) or TFAM (P ϭ 0.01) mRNA or between the levels of COX4I1 mRNA and the CS (P Ͻ 0.01) or COX (P Ͻ 0.001) activities. In the patients' samples, however, in accordance with previously reported results (20, 37), we found that all known genes encoding transcription factors involved in mitochondrial biogenesis (10, 39) either had decreased (PPARGC1A, whose product is also known as PGC1␣) or normal expression (NRF1; TFAM; GABPA, whose product is also known as NRF2; PPRC1, whose product is also known as PGC1-related coactivator [PRC] ; and PPARGC1B, whose product is also known as PERC or PGC1␤) (Fig. 3) . Furthermore, the correlations between the levels of COX4I1 mRNA and of NRF1, CS, and COX were lost (P ϭ 0.27, 0.88, and 0.57, respectively). The mitochondrial proliferation observed in the pathological adipose tissues was therefore not explained by a coordinated up-regulation of transcription factors involved in mitochondrial biogenesis.
Increased apoptosis and oxidative stress were observed in patients' adipose tissue. Increased apoptosis and oxidative stress are commonly associated with respiratory chain defects. Despite the preservation of the levels of COX activity, the altered ratio between MT-CO2p and COX4p implied that some COX complexes had an abnormal composition, thus provoking focal respiratory defects. In addition, mitochondrial proliferation has been demonstrated to be an essential factor for the induction of apoptosis in mitochondrial myopathy (1) . The amount of the activated form of caspase 3, a hallmark of the cellular commitment to apoptosis (8) , was therefore assessed with ELISA and found to be significantly increased in the patients' samples (median, 156% of control value, versus 110% in control samples; P ϭ 0.02) (Fig. 4) . Due to the very (51) which has been previously shown to be regulated by mitochondrial reactive oxygen species (6). The steady-state level of DDIT3 mRNA was significantly increased in the patients' samples (median, 21.92 ϫ 10 Ϫ3 copies, normalized to the ␤-actin mRNA level, versus 11.58 ϫ 10 Ϫ3 in controls; P Ͻ 0.01), suggesting the presence of oxidative stress (Fig. 4) . A cytosolic origin of the oxidative stress emanating from NAD(P)H oxidase activity (11) appeared unlikely, as the expression of the NAD(P)H oxidase catalytic subunit of adipocytes (NOX4) (27) was significantly decreased (median, 1.74 ϫ 10 Ϫ3 copies, normalized to the ␤-actin mRNA level, in patients' samples versus 3.01 ϫ 10 Ϫ3 in controls; P ϭ 0.01), while that of the NAD(P)H oxidase catalytic subunit of phagocytes (CYBB) (2) was normal (median, 1.18 ϫ 10 Ϫ2 copies, normalized to the ␤-actin mRNA level, in patients' samples versus 1.66 ϫ 10 Ϫ2 in controls; P ϭ 0.21) (Fig. 4) . The content of mtDNA did not correlate with the markers of apoptosis or oxidative stress.
DISCUSSION
To evaluate the relevance of mtDNA content in mitochondrial alteration in HIV-related lipoatrophy, we performed an integrated evaluation of the mitochondrial function at its DNA, RNA, and protein levels, which had not been previously done. Our main findings were (i) the preservation of mtDNAdependent activities and proteins despite severe mtDNA depletion, (ii) striking mitochondrial proliferation without up-regulation of the transcription factors involved in mitochondrial biogenesis, (iii) the occurrence of apoptosis and oxidative stress despite compensation of respiratory function at the global tissue level, and (iv) a striking absence of correlation between the mtDNA content of adipose tissue and any other mitochondrial characteristics. The cause of the observed alterations was not addressed in our study, whose design would not allow such interrogation (transversal analysis and the nature of the control samples).
Despite slight technical differences, the mtDNA copy numbers found in our study fell within the range published by others (33, 34) . Our data showing normal levels of mtDNAdependent enzyme activities and proteins unambiguously demonstrated efficient compensation of mtDNA depletion at the tissue level. They confirmed recent in vitro and animal data that have shown divergence between mtDNA content and respiratory chain activity (42, 46) . They do not contradict the previously reported focal histological defects of mtDNA-dependent proteins or activities (33) which indicated the presence of scattered mitochondria with altered composition, a finding also inferred in our study from the abnormal ratios of mitochondrial proteins (MT-CO2p and COX4p) and of enzymatic activities (COX and CS). The decrease in the quantity/ quality of mtDNA might be the primary feature in these scattered defective mitochondria.
Despite global compensation at the tissue level, altered mitochondrial composition and increased mitochondrial mass were associated with mitochondrion-borne deleterious mechanisms, such as oxidative stress and apoptosis (1) . Indeed, the expression of DDIT3, a transcription factor induced by mitochondrial reactive oxygen species (6), was increased in patients' samples. Our data are in agreement with the recently reported induction of oxidative stress and DDIT3 expression in adipocytes under ART (23) . Oxidative stress is considered a major triggering factor of apoptosis. It might, therefore, be responsible for the increased apoptosis observed in our study and in other studies (9, 18, 31) .
The lack of correlation between the mtDNA level and the signs of apoptosis or oxidative stress argues against an essential primary responsibility of the mtDNA content in mitochondrial toxicity. That conclusion was reinforced by the presence of a significant defect of transcription of the mtDNA-encoded MT-CO2 in two patients with normal amounts of mtDNA, which showed mitochondrial toxicity independent of the mtDNA amount.
Mitochondrial proliferation has been previously reported (25, 33, 34, 49) . Our quantification of CS activity, a method commonly used for the evaluation of mitochondrial population (3, 38) , showed a 300% increase that was very close to the 289% increase previously reported (34) . The molecular mechanisms underlying that striking mitochondrial proliferation remained elusive. Although the increased expression of the nuclear genes encoding mitochondrial proteins (COX4I1 and UCP2) suggested transcriptional regulation of mitochondrial biogenesis, we found that the expression of all the known transcription factors involved in mitochondrial biogenesis was normal or decreased in accordance with previously reported results for some of them (20, 37) . The triggering factors of mitochondrial proliferation therefore remain to be identified. Whether these factors are involved in the normal function of FIG. 4 . Increased apoptosis and oxidative stress were observed in pathological adipose tissues. The amount of the cleaved form of caspase 3 (Activated caspase 3), a hallmark of cell commitment to apoptosis, is expressed as the percentage of the amount in one control, arbitrarily chosen, and the steady-state levels of the mRNAs of DDIT3, a gene involved in the mitochondrial stress response; of NOX4, the gene encoding the adipocyte's NAD(P)H oxidase catalytic subunit; and of CYBB, the gene encoding the phagocytic cell's NAD(P)H oxidase catalytic subunit, were expressed as cDNA copies, normalized to the ␤-actin cDNA level. The median value of each group of data is shown as a bar on the graph. The asterisks mark statistically significant differences between results for pathological and control samples. Results for patients' samples are shown with open circles, and those for control samples with closed circles.
adipose tissue or are specifically induced in response to ART toxicity will have to be evaluated.
In conclusion, the proposed sequence of events linking the decrease of the mtDNA content to defects of mtDNA-encoded proteins and respiratory activities is not confirmed at the level of lipoatrophic adipose tissue, whose mtDNA content is dissociated from the level of mtDNA transcription, the amount of mtDNA-encoded protein, and the levels of mtDNA-dependent activities. The absence of correlation between mtDNA content and apoptosis or oxidative stress further showed that the mtDNA content of adipose tissue cannot be considered an accurate biomarker of mitochondrial alteration in that tissue.
